One of the objectives of evolutionary genomics is to reveal the genetic information contained in the primordial genome (called the primary genetic information in this paper, with the primordial genome defined here as the most primitive nucleic acid genome for earth's life) by searching for primitive traits or relics remained in modern genomes. As the shorter a sequence is, the less probable it would be modified during genome evolution. For that reason, some characteristics of very short nucleotide sequences would have considerable chances to persist during billions of years of evolution.
Introduction
In the course of billions of years of evolution, organic genomes have undergone enormous changes. Nevertheless, some relics of the primordial genome may remain in modern genomes. Finding these relics is of great significance for the study of the origin and evolution of genomes. What traits at the genomic level may be regarded as the relics? Candidates may include certain characteristics of very short sequences in modern genomes. For a sequence of DNA (or RNA) in a genome, the shorter it is, the less probable it would be modified during genome evolution. For example, the shortest possible sequences with more than one nucleotide, the dinucleotides, would have in general considerable chances to be intact (no mutations except being duplicated or deleted completely), provided that the rates of nucleotide substitution in cellular genomes are at the order around 10 -9 substitutions per site per year (Li, 1997) . For that reason, original features of the primordial genome, if still exist, would more probably be found in the characteristics of very short nucleotide sequences such as mononucleotides, dinucleotides, and higher-order oligonucleotides. One of such characteristics to be concerned about would be the pattern of genomic occurrence frequencies of these very short nucleotide sequences (whole-genome or large-scale duplications involve short and long sequences, but short nucleotide frequencies would generally be less, if any, influenced by these duplications if genomes are with good compositional homogeneity; the same would be true of large-scale deletions, though the specific loss of genome material in the evolution of some genetic systems such as organelle genomes would be somewhat different). If a considerable proportion (the number of copies) of a very short sequence has not been modified by nucleotide substitutions, insertions or deletions in evolving genomes, and/or if the variation of its occurrence frequencies has been limited by a certain mechanism (system) since the beginning or early stages of genome evolution, the pattern of genomic frequencies of the sequence would be conserved throughout the time, i.e., no significant changes since the primordial genome formed.
From this point forward, our philosophy suggests that the conservation of the genomic pattern of the frequencies of mononucleotides, dinucleotides, and higher-order oligonucleotides across various genomes, if it exists, would probably be a relic of the primordial genome.
As for the frequencies of a mononucleotide across genomes, it has long been known that they vary among species, especially in prokaryotes (Sueoka, 1962) . The frequencies of mononucleotides are usually described as GC content (percentage of G + C). The genomic GC content of prokaryotes may vary from less than 20% to over 70% (see below). The origin and evolution of genomic GC content is a fundamental problem in the study of genome evolution and a controversial issue (a subject to be discussed in separate papers). In spite of the variation of the GC content, it does not preclude the possibility of the conservation of the frequencies of some, if not all, dinucleotides and higher-order oligonucleotides across genomes. Many researches were done in the field of dinucleotide frequencies even when sequence data were limited (e.g., Nussinov, 1980; 1981; 1984) , revealing hierarchies in the frequencies (preferences) of different dinucleotides in natural nucleic acid sequences. With more sequences available, one of the most studied aspects in the field of very short nucleotide frequencies is the characteristics of dinucleotide and higher-order oligonucleotide relative abundances, which access contrasts between the observed frequencies of short nucleotides and those expected from the frequencies of the components (Karlin and Burge, 1995; Karlin et al., 1997) . The profiles of relative abundances of dinucleotides and higher-order oligonucleotides in genomic sequences are rather species-specific or taxon-specific (Karlin et al., 1994; Karlin et al., 1997; van Passel et al., 2006; Bohlin et al., 2008) . The set of all dinucleotide relative abundance values is even regarded as a genomic signature (Karlin and Burge, 1995) , a concept that may be extended to higher-order oligonucleotides (Deschavanne et al., 1999; Wang et al., 2005) or key combinations of oligonucleotide frequencies (Abe et al., 2003) . This characteristic seems in contradiction with our assumption on the conservation of the pattern of frequencies.
However, as assumed above, what we need for the purpose of our study is the occurrence frequencies, which are generally not congruent with the relative abundances (Burge et al., 1992) . Moreover, instead of considering the frequencies of all dinucleotides or higher-order oligonucleotides in a genome as a whole, they should be analyzed one by one. Therefore, it is of interest to ascertain if the conservation in terms of occurrence frequencies of dinucleotides or higher-order oligonucleotides exists across genomes and to see if there is a mechanism for maintaining frequency conservation, or to determine to what extent their frequencies vary among species.
Another aspect of the pattern of frequencies of mononucleotides, dinucleotides, and higher-order oligonucleotides is the phenomenon of strand symmetry, which reflects the similarities of the frequencies of nucleotides and oligonucleotides to those of their respective reverse complements within single strands of genomic sequences. Traces of strand symmetry were first discovered by Chargaff and co-workers in the late 1960s Rudner et al., 1968) . Therefore, strand symmetry is also called the second parity rule (Sueoka, 1995; Bell and Forsdyke, 1999) after the famous Chargaff's first parity rule (%A = %T and %C = %G in duplex DNA; Chargaff, 1951) . The first parity rule has been fully explained by the Watson-Crick model for duplex DNA (Watson and Crick, 1953) . In contrast, although considerable researches have been done on the ubiquitous phenomenon of strand symmetry, it is not fully recognized (Baisnée et al., 2002) . Also, the issue on its origin and biological significance is controversial (Baisnée et al., 2002; Forsdyke and Bell, 2004; Chen and Zhao, 2005; Albrecht-Buehler, 2006; Okamura et al., 2007) . It is worth to note that in previous work, many analyses of strand symmetry focused on comparisons between the frequency of an oligonucleotide and that of its reverse complement, but a systematic survey (comparison) of the frequencies of any two oligonucleotides of the same order in genomic sequences, which is necessary for fully revealing the pattern of strand symmetry, has not been reported.
Based on the above assumption and reassessment, comparative analysis of the characteristics of frequencies of mononucleotides, dinucleotides, and higher-order oligonucleotides in the genomes of various organisms, including a systematic study of the pattern of strand symmetry, might provide insights into the features of the primordial genome as well as the primary genetic information it contained. With the development of genomics, more and more whole-genome sequences are now available, providing opportunities for the analysis of relics of the primordial genome at the genomic level. In this paper we analyzed the pattern of frequencies of mononucleotides, dinucleotides, and higher-order oligonucleotides of the whole-genome sequences from 458 species (including archaea, bacteria, and eukaryotes). We studied also the phenomenon of strand symmetry in these genomes with systematic frequency comparisons. The results show that the conservation of frequencies of some dinucleotides and higher-order oligonucleotides across genomes does exist, and that strand symmetry is a ubiquitous and explicit phenomenon contributing to this conservation. We conclude that the pattern of frequency conservation on one hand, and the pattern of strand symmetry on the other, would be original features of the primary genetic information.
Materials and methods

Whole-genome sequences
We downloaded the whole-genome sequence of every species of archaea and bacteria that was available as of November 2007 from 
Calculations of occurrence frequencies of mono-, di-, tri-, tetra-, penta-, and hexanucleotides
We counted the number of occurrences of every mono-, di-, tri-, tetra-, penta-, and hexanucleotide in each cellular genome, and also that of every mono-, di-, and trinucleotide in each of the organelle genomes, virus genomes, and other sequences. The count was performed by moving the sliding window of 1, 2, 3, 4, 5, or 6 nt down the sequence one base at a time. Each chromosome or contig was analyzed separately, without concatenation. Counts were compiled for each species as well as for each eukaryotic chromosome. Occurrence frequencies (percentages) were calculated from these counts. The frequencies of items containing ambiguous bases were also calculated, but not taken into account because of their very small values. In the calculations of occurrence frequencies, overlapping di-, tri-, and higher-order oligonucleotides were counted. We used this approach not only because occurrence frequencies are usually calculated in this way, but also because results from previous related studies indicate that overlapping and non-overlapping data sets are similar and highly correlated (Rogerson, 1989) , and that strand symmetry is true for overlapping and non-overlapping tuples (Prabhu, 1993) . In the calculations, only one strand of each genome (the downloaded sequence) was analyzed. Although the choice of strands seems arbitrary, the characteristics of strand symmetry (Fickett et al., 1992; Prabhu, 1993; Qi and Cuticchia, 2001; Baisnée et al., 2002; Albrecht-Buehler, 2006) guarantee the validity of the results. In fact, there is little difference in terms of occurrence frequencies of mono-, di-, trinucleotides, and even higher-order oligonucleotides in analyzing one strand or another or both strands of a cellular genome (data not shown).
All the calculations were performed with computer programs written in C++.
Statistical analysis
To study whether the occurrence frequencies of short nucleotides are conserved across genomes, we employed the correlation/regression analysis to evaluate the correspondence between the observed values (data from each genome) and the expected values (hypothesized conserved values). For each mono-, di-, tri-, tetra-, penta-, or hexanucleotide, we analyzed the correlation between the observed counts and the expected counts in the genomes studied. The expected count of a nucleotide or oligonucleotide in a genome was obtained from the total count of all nucleotides or oligonucleotides of the same order in that genome multiplied by the mean frequency of that particular nucleotide or oligonucleotide in the genomes studied. We calculated the Pearson correlation coefficient (r), the slope and intercept of the best-fitted line for the observed counts vs. the expected counts. A correlation coefficient and a slope close to 1, and an intercept near the origin would indicate that the frequencies are well conserved across genomes. As several eukaryotic genomes are very large compared with prokaryotic genomes, the results of correlation/regression analysis may be biased. To reduce this bias, we used only the data of an individual chromosome from each of these eukaryotes (A. In addition, we employed the t-test to ensure that the correlation/regression results (r, slope, and intercept), after standardization, are respectively and significantly different between the frequency-conserved short nucleotides and the frequency-varied ones.
In the study related to strand symmetry, we used also the correlation/regression analysis to assess the similarities/differences between the count profile of a mono-, di-, tri-, tetra-, penta-, or hexanucleotide and the count profile of another across genomes.
The t-test was also employed to distinguish the correlation/regression results.
Results
Mononucleotide frequencies across genomes
The GC content varies from 16.6% to 74.9%, with a mean value of 49.1%, in the analyzed prokaryotic genomes. While in the analyzed eukaryotic genomes, it varies from 19.4% to 60.4%, with a mean value of 40.6%. Although the mononucleotide frequencies are variable across genomes, the phenomenon of mononucleotide strand symmetry is very obvious and universal in all the cellular genomes analyzed (see below).
Dinucleotide frequencies across genomes
The distribution pattern of the frequencies of 16 dinucleotides of 440 species of archaea and bacteria and 18 species of eukaryotes is shown in Fig. 1 . It is clear that the frequency ranges of the dinucleotides AC, AG, CA, CT, GA, GT, TC, and TG (dinucleotides composed of one strong nucleotide and one weak nucleotide) are much narrower across genomes than those of other dinucleotides, indicating that the frequencies of AC, AG, CA, CT, GA, GT, TC, and TG would be more conserved than others. While the distributions of the frequencies of AA, AT, CC, CG, GC, GG, TA, and TT dinucleotides (consisting of two strong nucleotides or two weak nucleotides) are dispersed throughout their respective ranges, most of the genomic frequencies of AC, AG, CA, CT, GA, GT, TC, and TG dinucleotides are not far away from their own means.
The frequencies of the dinucleotides CC, CG, GC, and GG in the analyzed eukaryotes are generally low due to relatively low GC content of most of the genomes, but they are very variable as well. This characteristic is also evident from the statistics such as the standard deviation, the coefficient of variation, the minimum and the maximum (with the mean close to the median, especially for the dinucleotides AC, AG, CA, CT, GA, GT, TC, and TG; Table 1 ). Furthermore, the correlation/regression analysis revealed that the observed counts and the expected counts are highly correlated and very similar across archaeal and bacterial genomes for the eight frequency-conserved dinucleotides mentioned above. Their correlation coefficients for the observed vs. expected counts are very close to 1 (r > 0.96, P < 10 -250 ), with also the slopes close to 1 and the intercepts relatively small. For the other eight dinucleotides (AA, AT, CC, CG, GC, GG, TA, and TT), the correlation coefficients are between 0.24 (P < 10 -6 ) and 0.88 (P < 10 -140 ), but the slopes are not close to 1 and the intercepts are relatively large (Table 1) . Virtually the same conclusion could be drawn for dinucleotide frequencies across genomes of eukaryotes and across genomes of archaea, bacteria, and eukaryotes taken together (Table 1 , the results for eukaryotic genomes only are somewhat biased and not very reliable because of sample limitation). Actually, given that the frequencies of a dinucleotide are conserved across genomes, so are those of its reverse complement, which is consistent with the phenomenon of strand symmetry. In addition, similar results were obtained for eukaryotic chromosomes when they were taken as units of analysis (data not shown). As our results show, there is a general correlation between the observed counts and the expected counts of a dinucleotide in the genomes studied, a correlation observed even for dinucleotides whose frequencies are not well conserved across genomes. This general correlation is mainly due to the usual trend that the observed counts of a dinucleotide increase with genome sizes. Therefore, what is important and interesting in our results is the observation that the observed counts and the expected counts of some dinucleotides are very highly correlated. This special correlation is due to frequency conservation across genomes of the dinucleotides concerned. The t-test can clearly distinguish the correlation/regression results of the frequency-conserved dinucleotides from those of the frequency-varied ones (for r, slope, and intercept, respectively, P < 0.001).
Last but not least, there is a specific pattern for the frequency conservation of dinucleotides across genomes. For example, in addition to the pattern that only dinucleotides composed of one strong nucleotide and one weak nucleotide are with well-conserved frequencies, among the eight frequency-conserved dinucleotides, AC and GT are more conserved across genomes than AG and CT. Moreover, there are differences among the means of the frequencies of some conserved dinucleotides ( Fig. 1 and Table 1 ). For example, the mean of the frequencies of AC dinucleotide of the analyzed genomes is significantly different (smaller) from that of AG dinucleotide (t-test, P < 0.001).
Trinucleotide frequencies across genomes
The distribution pattern of the frequencies of 64 trinucleotides of 440 species of archaea and bacteria and 18 species of eukaryotes is shown in Fig. 2 . Similar to the pattern of dinucleotides, the frequency ranges of some trinucleotides are much narrower across genomes than those of others. On the other hand, trinucleotide frequencies across genomes show a less conserved or a more variable pattern than dinucleotide frequencies.
While the maximal variation of the genomic frequencies of a dinucleotide is limited to 87-fold (CG), it reaches 578-fold for TAT trinucleotide. Moreover, the mean of the coefficients of variation for dinucleotides is smaller than the same parameter for trinucleotides (see also Table 4 ). Statistics of trinucleotide frequencies of all the cellular genomes analyzed are presented in Table 2 . The results of the correlation/regression analysis show that less than half of the 64 trinucleotides are with well-conserved frequencies across all prokaryotic and eukaryotic genomes analyzed (Table 2) .
Trinucleotides with the most conserved frequencies include: ATC, ATG, CAT, GAA, GAT, TCA, TGA, and TTC, containing one strong nucleotide and two weak nucleotides.
All the conserved trinucleotides contain both strong and weak nucleotides, but no CG dinucleotide (the most variable dinucleotide). Also, when the frequency of a trinucleotide is conserved, so is the frequency of its reverse complement. The t-test can as well distinguish the correlation/regression results of the frequency-conserved trinucleotides from those of the frequency-varied ones (for r, slope, and intercept, respectively, P < 0.001). There is also a specific pattern for the frequency conservation of trinucleotides across genomes. Among the frequency-conserved trinucleotides, ATC, ATG, CAT, and GAT (all contain AT dinucleotide) are the four most conserved ones across genomes (according to the coefficients of variation). The differences among the means of the frequencies of some conserved trinucleotides are apparent as well ( Fig. 2 and Table 2 ).
Tetra-, penta-, and hexanucleotide frequencies across genomes
For clarity we present only the data, revealed by the correlation/regression analysis, of the tetranucleotides with the most conserved frequencies across the genomes (Table 3 ).
All these tetranucleotides contain two strong nucleotides and two weak nucleotides, having two G's or C's. The obtained results for pentanucleotides show also that some of them are conserved across the genomes in occurrence frequencies. Among these pentanucleotides, the most conserved ones include: ACATC, AGTTC, ATCAC, ATGAC, GAACT, GATGT, GTCAT, GTGAT, GTTCA, and TGAAC. All of them contain two strong nucleotides and three weak nucleotides, having the most conserved dinucleotide AC or GT.
For the hexanucleotides, most of the frequency-conserved ones contain three strong nucleotides and three weak nucleotides; some may contain two strong nucleotides and four weak nucleotides. The hexanucleotides GGAACA, GGTTCA, TGAACC, and TGTTCC are among those with the most conserved frequencies, having also the most conserved dinucleotide AC or GT.
On the whole, the frequencies of hexanucleotides are less conserved across genomes than those of pentanucleotides than those of tetranucleotides than those of trinucleotides than those of dinucleotides according to the coefficient of variation (Table 4) . This is consistent with our assumption that the shorter a sequence is, the more chances it would have to be intact during genome evolution. Accordingly, the conservation of occurrence frequencies of higher-order oligonucleotides may become less obvious. 
Analysis of the pattern of strand symmetry
The similarity of the frequency of a mononucleotide, a dinucleotide, or a higher-order oligonucleotide to that of its reverse complement in a genome is very obvious. The correlation/regression analysis shows also that the count profile across all the genomes of a dinucleotide is different from the count profiles of other dinucleotides except that of its reverse complement (for a dinucleotide and its reverse complement, r > 0.999, with a slope of 1.00, and a very small intercept). On the other hand, putting aside the situation of a dinucleotide and its reverse complement, the differences between the count profiles of dinucleotides of the same GC content (e.g., dinucleotides with a GC content of 50% include AC, AG, CA, CT, GA, GT, TC, and TG) are generally smaller compared with those between the count profiles of dinucleotides with different GC content. This is mainly because the expected counts of dinucleotides of the same GC content, as estimated from the frequencies of their component nucleotides, would be the same or very similar in a genome. In spite of this characteristic of dinucleotides of the same GC content (excluding dinucleotides and their respective reverse complements), their correlation/regression results are significantly different from those for dinucleotides and their respective reverse complements according to the t-test (for r, slope, and intercept, respectively, P < 0.001). Apparently, the correlation/regression results for dinucleotides with different GC content would be more different from those for dinucleotides and their respective reverse complements.
Actually the same results were obtained for tri-and tetranucleotides. Most notably, the count profile across all the genomes of a trinucleotide is very similar to that of its reverse complement (r > 0.999, with a slope of 1.00, and a very small intercept), while the comparisons between all the other trinucleotide count profiles across the genomes revealed considerable differences (the differences between the count profiles of trinucleotides of the same GC content are also smaller than those between the count profiles of trinucleotides with different GC content, but their correlation/regression results are always significantly different from those for trinucleotides and their respective reverse complements: for r, slope, and intercept, respectively, P < 0.001).
Moreover, the count profile across all the genomes of a tetranucleotide is very similar to that of its reverse complement (several combinations may give somewhat unsatisfied results, e.g., ATTC:GAAT, CCTA:TAGG, CTAA:TTAG, and TCCA:TGGA, with a slope of 0.99, 1.02, 1.01, and 0.99, respectively, and an intercept of 140.55, -97.66, -84.70, and 210.83, respectively) , while the comparisons between all the other tetranucleotide count profiles across the genomes revealed considerable differences. Likewise, the t-test can well distinguish these two kinds of correlation/regression results (for r, slope, and intercept, respectively, P < 0.001).
Penta-and hexanucleotides also show similar pattern of strand symmetry. The count profile across all the genomes of a penta-or hexanucleotide is very similar to that of its reverse complement (a few combinations may give somewhat unsatisfied results); the comparisons between all the other penta-or hexanucleotide count profiles across the genomes revealed considerable differences. The t-test can well distinguish these two kinds of correlation/regression results (for r, slope, and intercept, respectively, P < 0.001). Apparently, the similarity between the count profile across genomes of an oligonucleotide and that of its reverse complement is not only obvious, but also unique.
No pairs of count profiles for mono-, di-, and trinucleotides, and few, if any, pairs of count profiles for higher-order oligonucleotides that are not in this category are comparable to them. Thus, strand symmetry is a very explicit phenomenon.
Characteristics of organelle genomes, plasmids, viruses, phages, and viroids
Most of these genomes or sequences are quite small in size. Nevertheless, results of the analysis of frequency conservation for di-and trinucleotides show that many compositional features found in prokaryotic and eukaryotic genomes are also present, at least for dinucleotides and to some extent, in almost all these genetic systems. In relatively large genomes or long sequences, such as plant mitochondrial genomes and chloroplast genomes, the characteristics are more discernible. It is also worth to note that across genetic systems as small as eukaryotic plasmids, the frequencies of dinucleotides AC, AG, CA, CT, GA, GT, TC, and TG are still more conserved than others.
As for the phenomenon of strand symmetry, it is not conspicuous in these genetic systems. Moreover, in very small genomes or short sequences (e.g., animal mitochondrial genomes and viroids), the phenomenon is almost absent. These results are consistent with those obtained by Mitchell and Bridge (2006) , and by Nikolaou and Almirantis (2006) .
Discussion
On the causes of oligonucleotide frequency conservation across genomes
The two most important results we obtained from our analysis are: (i) the conservation of frequencies of some di-, tri-, and higher-order oligonucleotides across genomes; and
(ii) the phenomenon and pattern of strand symmetry in cellular genomes. The first result has not been reported explicitly by others, at least not in our way and not aiming at finding relics of the primary genetic information (Zhang and Yang, 2005) . The phenomenon of strand symmetry, on the other hand, has been a more or less established fact with quite a few studies (see Qi and Cuticchia, 2001; Baisnée et al., 2002; Forsdyke and Bell, 2004; Albrecht-Buehler, 2006) . The confirmation in our study of this phenomenon shows that the result on frequency conservation obtained with the same approach is reliable.
The compositional features we reported are universal in archaeal genomes, bacterial genomes, and eukaryotic genomes, no matter what the proportion of non-coding sequences is in a genome. Even Candidatus Carsonella ruddii PV and P. falciparum (with the lowest GC content in the analyzed prokaryotic genomes and eukaryotic genomes, respectively), and G. theta nucleomorph (a vestigial nucleus of eukaryotic endosymbiont) are compatible quite well with the general regime. In fact, we got virtually the same results with new whole-genome sequences added in the analysis (our unpublished data).
Early study indicates that there are significant correlations between genomic libraries in terms of tetranucleotide frequency distribution, suggesting an overall correlation of frequency profiles of short nucleotides among genomes (Rogerson, 1991) . Our finding shows that the frequency conservation involves only some di-, tri-, and higher-order It has been shown that genome inhomogeneity is determined mainly by AA, TT, GG, CC, AT, TA, GC and CG dinucleotides, which are closely associated with polyW and polyS tracts (W and S stand for weak nucleotides and strong nucleotides, respectively) (Kozhukhin and Pevzner, 1991) . This implies that the distribution of any one of the other eight dinucleotides (SW and WS dinucleotides, i.e., AC, AG, CA, CT, GA, GT, TC, and TG) in a genome is rather homogeneous. Also, the distributions of oligonucleotides containing similar and especially the same numbers of the strong and weak nucleotides, but no CG or TA dinucleotide, are the most uniform in six representative genomes (yet the authors considered their distributions not informative) (Häring and Kypr, 1999) . The results of our analysis are consistent with these distribution patterns, except that oligonucleotides with well conserved frequencies may contain TA dinucleotide. In addition, if the probability of occurrences of a short nucleotide is fixed to a certain range by the frequencies of the component nucleotides (which themselves follow the rule of strand symmetry), the variation of its actual frequency will also be limited. For example, in our analyzed prokaryotic and eukaryotic genomes, the GC content varies from 16.6% to 74.9% (with the percentage of A + T varying from 25.1% to 83.4%).
Under the regime of strand symmetry, the expected frequencies of AA, AT, TA, and TT dinucleotides may vary from 1.6% (with the frequencies of A and T being both approximately 12.6%) to 17.4% (with the frequencies of A and T being both approximately 41.7%), and those of CC, CG, GC, and GG dinucleotides from 0.7% (with the frequencies of C and G being both approximately 8.3%) to 14.0% (with the frequencies of C and G being both approximately 37.5%). However, the expected frequencies of AC, AG, CA, CT, GA, GT, TC, and TG dinucleotides will range only from 3.5% (GC content being 16.6%) to 6.3% (GC content being 50.0%). Therefore, strand symmetry would contribute to frequency conservation; it is not unusual that AC, AG, CA, CT, GA, GT, TC, and TG are the dinucleotides with well-conserved frequencies across modern genomes. Also as a result of strand symmetry, given that the frequencies of a short nucleotide are conserved across genomes, so would be those of its reverse complement, doubling the number of different frequency-conserved short nucleotides. Thus, the contribution of strand symmetry to the frequency conservation would be twofold: limiting the range of variation and doubling the content of conservation.
The two causes for the frequency conservation of some di-, tri-, and higher-order oligonucleotides across genomes would be somewhat correlated: the rule of strand symmetry itself may influence the patterns of distributions of short nucleotides throughout a genome and across genomes. Nevertheless, strand symmetry would not be the only cause for frequency conservation. This seems apparent because strand symmetry alone could not fully explain the patterns of frequency conservation of dinucleotides, trinucleotides (see also Albrecht-Buehler, 2007a) , and higher-order oligonucleotides.
On the origin of frequency conservation and strand symmetry: Constitution of the primordial genome
The origin of the patterns of frequency conservation and strand symmetry would in no way be by random processes. We discuss only the situations of random sequences with characteristics related to frequency conservation or strand symmetry. First, in random and sufficiently long (e.g., with lengths comparable to cellular genome sizes) sequences with fixed probability of occurrences for each component nucleotide (e.g., A = 25%, C = 20%, G = 30%, and T = 25% in all these sequences), the frequencies of every mono-, di-, or higher-order oligonucleotide would tend to be equal to its probability. Thus, frequencies of every oligonucleotide would be conserved or even constant across such sequences. When all component nucleotides are not with fixed probabilities of occurrences, there would be various patterns of frequency conservation and variation across the long random sequences (e.g., if only A with fixed probability, then for oligonucleotides of the same order, only those composed entirely of A would be with conserved or constant frequencies). Second, in a long random sequence generated according to the rule of first-order symmetry (strand symmetry for mononucleotides), the frequencies of oligonucleotides of the same GC content (see section 3.5 for more details) and of the same order would be very similar. Indeed, the frequencies of oligonucleotides equal those of their reverse complements and also those of their forward complements in such a sequence (Qi and Cuticchia, 2001) . In general, the observed frequencies of short nucleotides in a genome and those expected from the frequencies of their component nucleotides would be moderately, if not highly, correlated. If there were only first-order symmetry in genomic sequences, their characteristics of oligonucleotide frequencies would be more or less similar to those of the random sequence mentioned above.
Our study indicates that there are specific patterns for the frequency conservation of oligonucleotides across genomes. Similar patterns could not be found in random sequences without first-order symmetry (in the case of random sequences with first-order symmetry, it is the second situation discussed above). And although there are traces of similarity for the frequencies of oligonucleotides of the same GC content and of the same order (especially higher-order oligonucleotides, putting aside the situation of an oligonucleotide and its reverse complement, see also section 3.5) in a genome, only the similarity between the frequency of an oligonucleotide and that of its reverse complement is very obvious. In addition, the phenomenon of strand symmetry persists for oligonucleotides up to 10 nt long at least (Qi and Cuticchia, 2001) . Therefore, the phenomenon of frequency conservation of particular di-, tri-, and higher-order oligonucleotides across genomes and the pattern of first-order and high-order strand symmetries would be characteristics unique to genomic sequences. It is highly improbable for long sequences with first-order symmetry only to become natural genomic sequences by random shuffling (see also Forsdyke, 1995b; Forsdyke and Bell, 2004) .
To find out the origin of the universal features of frequency conservation and strand symmetry, there would be two alternative approaches. One approach is to consider the universal features as evolutionary convergences (the current hypotheses on the origin of strand symmetry seem to focus on this approach, see below); the other is to consider the universal features as relics (original characteristics) of the primordial genome. The first one has to reveal the universal selective advantages or mutation pressures leading to the convergences, which are not always apparent (see below). Therefore, we tried the alternative: considering the universal features as relics of the primordial genome.
No matter whether the compositional features in modern genomes are due to structural constraints or other factors on nucleic acid sequences, the constraints or factors might exist from the very beginning of genome evolution. Under this consideration, the compositional features would be relics rather than convergences. In any case, considering the universal features as "relics" would be a more economic explanation than the "evolutionary convergences" point of view.
Why are there high-order symmetries besides first-order symmetry? Several explanations for the origin of strand symmetry have been proposed, such as no strand biases for mutation and selection (for first-order symmetry only, see Sueoka, 1995; Lobry, 1995; Lobry and Lobry, 1999) , strand inversion (Fickett et al., 1992 ; see also Albrecht-Buehler, 2006 for inversion and inverted transposition), selection of stem-loop structures (Forsdyke, 1995a; 1995b; Forsdyke and Bell, 2004) , and combined effects of a wide spectrum of mechanisms operating at multiple orders and length scales (Baisnée et al., 2002) . However, it seems that the fundamental cause of strand symmetry is still unclear (see also Baisnée et al., 2002; Chen and Zhao, 2005) . The hypothesis of stem-loop mechanism argues that stem-loop structures would be advantageous for recombination, so that mutations favoring the general potential of the formation of stem-loop structures in single-stranded DNA (hence strand symmetry) would confer a selective advantage (Bell and Forsdyke, 1999; Forsdyke and Mortimer, 2000) . However, there are cases indicating that local recombination rates would be negatively correlated with levels of higher-order strand symmetry (Chen and Zhao, 2005) . Even the latest quantitative transposition/inversion model (Albrecht-Buehler, 2006) could not accommodate the patterns of conservation of oligonucleotide frequency profiles if the initial profiles were arbitrary ones (yet it would be a good model for the maintenance of strand symmetry, see also Albrecht-Buehler, 2007b) . Moreover, the relation of strand symmetry to the phenomenon of frequency conservation has not been emphasized in the current hypotheses.
Alternatively, considering the universal compositional features as relics of the primordial genome, the shared features must have arisen very early in evolution. We have now evidences indicating that uniform distribution of some di-, tri-, and higher-order oligonucleotides would be one of the causes of the phenomenon of frequency conservation. Therefore, the ancestor of modern genomes -the primordial genome -would also have this property, i.e., compositional homogeneity, at least for some di-, tri-, and higher-order oligonucleotides, throughout the genome. What kind of structure, apart from random sequences, has this property? A very possible one is repeated sequences. It has been proposed that repeats of a kind of macromolecules capable of self-replicating made up the most primitive genes and genomes (Zhang, 1998a; 1998b) . When these DNA (RNA) macromolecules formed repeated sequences by connecting one after another, there would be no force preventing them from producing approximately equal amounts of forward repeats and their reverse repeats, leading naturally to strand symmetry. Sequences formed in this way would consequently have high potentials for perfect stem-loop structures, especially in the early stages of evolution (see also Forsdyke, 1996) . Based on the above considerations, we have a hypothesis for the origin of frequency conservation and first-order and high-order strand symmetries. The primordial genome would be composed of repeated sequences: approximately equal amounts of rather uniformly distributed forward repeats and their reverse repeats. Also, the compositional features of the primitive repeating units would be reflected to some extent from the specific patterns of oligonucleotide frequency conservation in modern genomes. The universal compositional features found in modern genomes would therefore have an origin in the primordial genome. This proposition is simple and efficient in explaining various characteristics of oligonucleotide frequencies in modern genomes. Given that strand symmetry has existed from the very beginning, the T vs. A and G vs. C skews due to strand-dependent mutations in the leading and the lagging halves of bacterial genomes may in principle be canceled out over the whole genome, which is exactly the case (Shioiri and Takahata, 2001) . Also, if strand symmetry has existed from the beginning, the frequency variations across genomes of AC, AG, CA, CT, GA, GT, TC, and TG dinucleotides and some higher-order oligonucleotides would be limited, no matter what the GC content of the primordial genome was. In other words, if strand symmetry is a relic of the primordial genome, so must be the pattern of frequency conservation linked to it.
The phenomenon of strand symmetry is more obvious than that of frequency conservation (according to the correlation/regression analysis). Also, strand symmetry would be one of the main causes for frequency conservation. Therefore, strand symmetry would be a primary feature. Whether frequency conservation would also be a primary feature or just a secondary consequence to strand symmetry is a matter of further study. On the other hand, as frequency conservation is of specific patterns that could not be explained by strand symmetry alone, it is possible that the patterns would also be primary features.
The maintenance of strand symmetry during evolution would rely on multiple mechanisms such as duplication and rearrangement (inversion), or more directly, inverse duplication (Nussinov, 1982; Sanchez and Jose, 2002) or inverted transposition/inversion (Albrecht-Buehler, 2006) . In turn, strand symmetry would be the system (mechanism) to maintain frequency conservation. In organelle genomes and some other genetic systems, the phenomena of frequency conservation and strand symmetry are less obvious or even absent. The causes would be that these genetic systems are very specified (e.g., specific loss of genome material during evolution), too small, or devoid of the mechanisms to maintain strand symmetry or frequency conservation. For example, it appears that rearrangements have occurred relatively infrequently in animal mitochondrial genomes (Gray, 1989) .
In addition to the facts and arguments presented previously (Zhang, 1998a; 1998b) , we now have further evidences relating to the compositional features of modern genomes for the hypothesis that the most primitive nucleic acid genome would be composed of repeated sequences. We propose further that the primary genetic information would be rather uniformly distributed throughout the primordial genome in the form of direct and inverted repeated sequences. It would now become a kind of "genomic background" upon which genome evolution takes place. The primary genetic information, which may also be termed "the primary genetic code", would have its relics in modern genomes: strand symmetry and frequency conservation. These relics may just be the "highly conserved pattern underlying all other genetic information in cellular DNA" suggested by Rogerson (1991) . The primary genetic information revealed from modern structures would certainly help us to reconstruct the primordial genome as well as to understand the patterns and processes of genome evolution, thus would shed light on the origin and evolution of genomes, and even on the origin of life.
Apparently, the information may also be used in the study of molecular systematics based on whole-genome sequences.
